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It is possible to make direct measurements in the reaction zone of a Bunsen flame by using a 'low-pressure flame', because the flame is then drawn out and enlarged. The temperature-course through the flame front is measured. The position of the Schlieren picture is deduced and may be compared with the actual photographed Schlieren picture. The heat flow in the reaction zone is calculated; it is found responsible for the formation of a considerable preheating zone.
I n t r o d u c t io n
The behaviour of an ordinary Bunsen flame burning with acetylene and oxygen or air at low pressure was described in a former publication (Wolfhard 1943). It was shown that it is possible to burn a mixture of acetylene-oxygen or of acetyleneair down to a few mm. Hg pressure, using a burner of large diameter in a closed vessel. The diameter of the burner must be increased proportionately (figure 1) in order to obtain a stable flame as the pressure (P) is lowered. The linear extension (b) of the flame is approximately b~ 1/P in comparable r seen in figure 1. The regions of stability come together at a certain minimum gas flow which depends on the pressure. In the lowest part of the stability region, the flame has an unusual appearance and consists of the reaction zone with the hot gases above it. The outer cone does not exist because the flame is separated. The inner cone lies like a flat disk on the top of the burner (figure 2). It is a very difficult problem to make optical measurements in the reacting zone as long as the inner cone remains cone-shaped. If, however, the reaction zone is effectively a flat disk, then the problem becomes very simple because different parts of the reaction zone do not overlap. The reaction zone which has at 1 atm. a thickness of about y §^ mm. grows bigger when the pressure diminishes. The thickness d is also nearly proportional to 1/P, so that at 2 mm. Hg we have 1 cm. (the thickness depends also on the composition of the mixture). Such a thick and flat reaction zone is very favourable for the study of its physical and chemical properties.
Measurements in the reaction zone of a Bunsen flamê
The reaction zone is visibly not homogeneous. With a stoichiometric mixture it gives, starting from below, a weak green light corresponding to the C2-bands; in the middle of the zone the radiation consists essentially of the strong C2 and CH bands, giving a nearly white light; at the top end of the zone the C2-bands disappear and the CH bands are dominant, giving a blue corona (figure 3). The thickness for an acetylene-air flame is somewhat greater than that for an acetylene-oxygen flame, and the diameter of the burner on which the flame must bum is also bigger, hence, at a given pressure, the acetylene-air flame gives a thicker optical layer.
Van der Poll & Westerdijk (1941) published a Schlieren photograph of a propane-air flame burning at 1 atm., which showed that the Schlieren picture and the picture of the 'luminous cone' are not the same: it lies distinctly inside the luminous cone. This result was unexpected and important. The Schlieren image must be situated where the gradient of the refractive index ( ) is greatest. The refractive index is changed in the reaction zone by the rise in temperature as well as by the change of the components. The temperature rises from about 300 to about 3000° K for an acetylene-oxygen flame. The density after the reaction is therefore xiy of the previous density. The refractive indices of different gases such as C2H2, 0 2, CO, C0 2, H20 , vary from ( n-1). 102 * * * 6 = 257 to 600 at 1 only be decided by experiment whether the change of composition or temperature is having the predominant effect in the different parts of the reaction zone. In any case, something important is happening in front of the inner cone before the molecules begin to radiate. 
T h e p o s i t i o n o f t h e S c h l i e r e n p i c t u r e
It was necessary first to confirm that this result was not only a property of the propane-air flame, and it was shown that the interesting acetylene low pressure flames already described behaved sii darly. At low pressure the absolute change of (n -1) in the reaction zone is very small, therefore a very sensitive arrangement was necessary (figure 4). The distance from the slit to the Schlieren blind was about 10 m. The whole light beam was shielded by a paper tube to avoid movements of the air. Observation was easy for acetylene-air flames and propane-air flames, but the light emitted from the acetylene-oxygen flame at 1 atm. was so strong, that the Schlieren light, even from a big mercury high-pressure lamp, was scarcely visible. Therefore, for the acetylene-oxygen flame, Schlieren photographs were taken only with an excess of oxygen, so that radiation was reduced. Another difficulty was that the biggest burner for a laminar burning acetylene-oxygen flame at 1 atm. had about 1 mm. diameter, so that the picture of the cone became very small. The two images were usually photographed together, the Schlieren blind being arranged to be drawn from above. The separation of the Schlieren image and the luminous cone is, therefore, a property common to acetylene and propane flames and probably to all hydro carbon flames, indicating that a rapid rise of the temperature must begin appreciably before the luminosity arises.
Hg
In the Schlieren cone the refractive index must become smaller in an upward direction, because the light is refracted downward, as is indicated by the fact that the Schlieren blind must be drawn from above. The temperature effect is therefore predominant.
T h e t e m p e r a t u r e d i s t r i b u t i o n i n t h e r e a c t io n z o n e
The thick and flat nature of the reaction zone of flames burning at a few mm. Hg allows a reasonably accurate measurement of the rise in temperature by means of a thermocouple. It would not be expected that at these low pressures the reaction will take a completely different course because the normal flame velocity is the same in the whole region between 760 and a few mm. Hg for an acetylene-oxygen flame and nearly the same for an acetylene-air flame. The advantages of conducting experiments at low pressure are the following:
(1) At 1 atm, the reaction zone has a thickness of some hundredths of a mm. and therefore a temperature gradient of about 103 * 5 to 106 °C/cm. In such a tem perature field, even with very thin wires, there is such a high heat flow that all details are lost. In the low pressure flame the temperature gradient is more than a hundred times as small, so that there is a possibility of measuring the real increase of the temperature.
(2) At 1 atm. even in an air flame the temperature of the wires becomes so high that a platinum/platinum-iridium thermocouple will melt. Furthermore, platinum wires give a high catalytic effect which will distort the course of the real temperature changes. At low temperature, the heat transfer from gas to wire is smaller, so that the temperature difference between the gas and the wire increases. In an acetylene-oxygen flame at about 5 mm. Hg the temperature of the thermo couple does not rise higher than about 1300° C, so that Hoskins thermocouples (Cromel-Alumel) or Ni-NiCr can be used, the real temperature being estimated afterwards.
(3) The presence of the thermocouple in the flame influences its shape. .If the temperature rise is to be measured, the junction of the thermocouple must be visible with a telescope in the image of the luminous flame. In an ordinary flame the surroundings at the tip of the thermocouple are changed in the manner shown in figure 7, hence it is very difficult to measure the position of the thermocouple relative to the flame front. However, if the flame is near the minimum point of the stability region, it has the smallest extension possible at this pressure. Each part of the reaction zone influences the other; if this were not the case, then the flame might be supposed to consist of two independent parts and only one such part would be the smallest flame. The effect of this is that the thermocouple indeed influences the flame front, but only in such a way that the whole flame front rises a little when it is introduced, and the effect is easily corrected. For the measurement of the temperature, the procedure was as follows (figure 8): the thermocouple was brought into the flame from below, supported by tubes of ceramic, which were put one into the other like a telescope. The flow of the mixture of the gases was therefore interfered with as little as possible. The Reynolds number referred to the diameter of the wire was about
The thermocouple consisted of jo mm. Ni-NiCr or mm. Hoskins: both were used to eliminate the influence of the heat conductivity in the wire. There was a small difference between the measure ments, but sufficiently small that the y^ mm. wire could be taken to give nearly the correct temperature distribution across the flame, disregarding the influence of radiation. The influence of radiation cannot be eliminated by reducing the diameter of the wire, because both the radiation and the heat transfer from the flame to the wire is a surface effect in contrast to the heat conductivity in the wire which is a volume effect. The thermocouple could be moved up and down so that it was possible to make measurements across the flame front. The thermoelectric e.m.f. was measured with a millivoltmeter whose total resistance was about 5000Q, and the loss of e.m.f. by the resistance of the thermocouple could be neglected.
The results are shown in figures 9 a and b. The abscissae shows the vertical extension of the flame in m m .; the ordinate the temperature in degrees centigrade and also in 1 jT (T -0 abs. temp.), and with the scale at the right-hand side the calculated intensity of the Schlieren image (i.e. the slope of the l/T curve). The extension of the flame is plotted in the figures as it is seen in the telescope. The top of the burner is marked; the two lightly shaded inner limits are the contrast zones of the luminous cone: between these limits the intensity is greatest. The two outer limits show the first and last impression of light which could be seen in the telescope. The supposed intensity distribution of the radiation of the luminous zone is drawn in dotted lines.
Attention had to be paid to catalytic effects. These were demonstrated by a platinum wire brought into the flame from below. As soon as its upper end had become red hot, the whole wire glowed down through the whole mixture. The measurements were commenced some cm. below the flame in the cold mixture. The dependence of Nu = f(JRe) has only been measured for a long Hilpert (1933) and King, and also only for Reynolds numbers down to about 1. The dependence of the Nusselt-number on the Reynolds number is assumed to be nearly the same for a straight wire as for a sphere, so that the difference in temperature between the thermocouple and the flame can be estimated. It is not necessary for this correction to be absolutely exact, because in these measurements only the relative vertical distribution of the temperature is of interest. The determination of the temperature distribution across the acetylene-oxygen flame (figure 9a) is more accurate than that for the acetylene-air flame (figure 96) because the pressure is lower, and therefore the extension of the flame is longer. Therefore, this curve is worth more detailed consideration.
Errors due to the radiation from the thermocouple must first be corrected, and so the curve t (corr.) obtained (figure 11). The highest temperature may be wrong by about 300° C, but this does not change the character of the curve. In the Dividing the vertical extension of the flame into different sections, sections (1 to 2); (2 to 3); (3 to 4) ... and considering the section (9 to 10), the slope of the curve is nearly the same at position 9 as at 10, therefore as much heat is coming in at 10 as going out at 9. The rise of the temperature (about 500° C) is therefore caused entirely by the reaction. The change occurs where the slope of the curve is not constant. Considering the section (6 to 7), at 7 there is a heat flow B = 7-4 kcal./h; at 6 a heat flow of B = 3*0 kcal./h. The difference of 4-4 increases the te by about 270° C. The rise of temperature is the same within the accuracy of the measurement. This means that no reaction is necessary in this region to explain the temperature rise. Such calculations can be made for all sections, and so the result is obtained that up to the centre of the section (7 to 8) the whole rise of the temperature can be explained by the heat flow due to conductivity alone. The dotted curve gives the rise of the temperature due to the change of the slope of the measured temperature curve and, to a smaller extent, to the temperature dependence of the heat conductivity coefficient. Considering next section (12 to 13), in this case more heat is comihg out than is going in. This means that the heat flow from that region reduces the temperature rise which would be caused by the reaction alone. The dotted line therefore drops in this part of the flame zone. The difference between the measured temperature curve and the dotted line is the temperature curve which would be caused by the reaction alone. The slope of this curve is the reaction velocity (strong line). The accuracy of the reaction velocity curve obviously cannot be very high, and it is therefore unprofitable to consider any further the reaction velocity curve in relation to the location of the visible flame picture; that must wait until more accurate measurements are available. These could be obtained by conducting experiments at about 1 mm. Hg, or with thinner thermocouples.
The facts which can be gathered from this investigation are: 1. The heat flow heats the cool mixture to a temperature of about 800° C. The usual ignition temperatures lie at about 300° C for acetylene-oxygen and acetyleneair flames, but at 1 atm. with an oxygen flame we have induction times of about 1 x 10~6 sec. in the flame, and it is very uncertain if a temperature of 800° C is sufficient to explain the start of inflammation as a thermal explosion.
2. The heat flow forms a preheating zone which is larger in an air flame than in an oxygen flame.
3. The Schlieren picture shows in the first temperature rise at about 200° C. In this region the whole temperature rise is due to heat conductivity, and the reaction velocity seems to be zero.
